ABSTRACT In this paper, the impact of considering diffuse multipath components at mm-wave frequencies as well as the significance of selecting appropriate diffuse scattering model parameters is shown. Two different diffuse models, namely, the Lambertian model and the directive model, have been parameterized for several materials typically present in indoor environments. These models are formulated to embed the diffuse scattering phenomenon easily into ray tracing tools. The estimation of the parameters has been performed by comparing measurements and simulations using the models. Once the best fitting parameters have been estimated, they are included in the diffuse components simulation section of a general ray tracing tool. This tool has been used to simulate the power delay profile at 60 GHz in an indoor scenario, including single and double bounce diffuse components. Thanks to the estimated model parameters, the wireless channel at the 60-GHz band can be analyzed, including the diffuse scattering phenomenon, without the need for any previous measurement or simulation. Thus, the channel analysis with ray tracing tools, including dense components, becomes easier, faster, and more reliable.
I. INTRODUCTION
In the radio propagation terminology, the term ''diffuse scattering'' identifies a distributed phenomenon that takes place when a wave interacts with objects having irregular surfaces due to either natural roughness or construction causes. As rays impinging on obstacles such as building walls bounce back in directions other than the specular one, geometrical optics approximations and rules cannot be applied [1] . For example, in [2] the effects of the antenna directivity on the multipath propagation at 60 GHz were analyzed with a ray tracing (RT) tool without considering the effect of diffuse multipath components. In [3] a diffuse scattering model called the Effective Roughness (ER) model was developed to introduce scattering in ray-based propagation tools.
Diffuse scattering has been studied for many years [4] , [5] . Recently, many different studies have shown the important impact of the dense multipath components from building walls in urban and indoor radio propagation [3] , [6] - [8] . Hence, diffuse scattering has to be taken into account when channel characteristics need to be evaluated, especially time and angle dispersion [6] , received power [3] , [7] , or Power Delay Profile (PDP) [8] . Given its importance, different models for this propagation mechanism have been proposed. In [7] , three sub-models of the ER model based on different scattering patterns are proposed: the Lambertian model, the directive model and the backscattering-lobe model. The directive model has been successfully used to generate a point cloud-based full-diffuse propagation prediction method at 60 GHz [8] . In [9] the diffuse models are combined with an RT tool to analyze the performance of different advanced beamforming techniques in the 60 GHz band. In [8] and [9] , the model parameters are adjusted using an available set of measurements for a given environment, regardless of the heterogeneous nature of materials. Such a procedure however is difficult to apply to different environments if measurements are not available for calibration, or if major walls and objects are made of materials having very different characteristics.
In order for a ray-based propagation model to be easily applicable to different environments, it should include an appropriate set of model parameters to determine the properties of different construction materials in terms of reflectivity, transmissivity and diffuse scattering characteristics.
In [10] , the directive and Lambertian models were integrated with an RT tool and the importance of selecting a suitable set of diffuse model parameters was pointed out. In [11] , the best parameters for the models were estimated for glass, rough plasterboard and chipboard material samples at 60 GHz. The rough plasterboard sample was a piece of a typical ceiling found in offices and laboratories; the chipboard was a piece obtained from a closet. In [10] , only single bounce diffuse components were considered; in [12] the simulation tool also integrated double bounce diffuse components for the Lambertian model following the formulation shown in [13] . In all previous works the 60 GHz band was chosen because it is a very promising band for the forthcoming high-throughput wireless systems [14] ; these systems will be deployed especially in indoor environments where materials are quite standard and easily identifiable. Furthermore, several works have shown the significance of diffuse scattering at mm-wave bands [8] , [9] , [15] . In [15] the diffuse components accounted for 10% of the total energy in the mentioned band; this is a small but significant percentage of energy. Therefore, the diffuse scattering phenomena must be properly modeled in the 60 GHz band in order to obtain an accurate channel analysis.
In this paper the parameters estimation procedure shown in [11] has been improved; thus, more accurate values of model parameters have been found for the materials analyzed in [11] . Three additional materials have been parameterized: plasterboard of an indoor wall, cardboard of a box, and bricks used in outdoor and indoor walls. Furthermore, a complete study of the influence of using particular model parameters for the materials found in an indoor environment has been performed. In this way, the tuned parameters estimated in this work and in [11] have been used in the developed channel simulation tool in order to estimate the PDP in different positions in a room. Moreover, the simulation tool includes both single and double bounce diffuse components, as well as the traditional specular components. This paper is organized as follows. In section II the measurement setup is described and the tuning procedure designed to find the best model parameters is explained. In section III the parameterization of the diffuse models for the analyzed materials is shown; furthermore, the roughness of the materials is studied in a quantitative way. In section IV, the channel analysis in an indoor room is presented; this section shows that the use of the complete set of tuned parameters yields a realistic representation of the channel behavior. Finally, in section V the conclusions are presented.
II. MEASUREMENT DESCRIPTION AND TUNING PROCEDURE
The tuning procedure is based on measurements; as shown in [11] and [16] , a fixed transmitter equipped with a directive antenna points to the center of the material sample and one receiver, equipped with an omnidirectional antenna, traces a semi-circumference around it. The relative received power, coming from the area of the material that receives a maximum level of energy, is extracted from the time response measured for each receiver position. This scenario is also simulated including all the significant propagation mechanisms using an RT engine. Comparison between the measured and simulated relative received powers allows the determination of the model parameters. the measurement system can be seen in Fig. 2 . The transmitter (Tx) antenna is a directive lens antenna manufactured by Flann Microwave, which operates from 51.5-75 GHz with a nominal mid-band gain of 34 dBi; the 3 dB beamwidth is 3.5 • and 4 • for the E-plane and H-plane respectively. The receiver antenna is a QOM55-65 VRA Q-PAR omnidirectional antenna with gain of 3.3, 3.1, and 3.0 dBi at 55, 60, and 65 GHz, respectively. The receiver antenna is vertically polarized whereas the transmitter antenna is circularly polarized. More details of the antennae can be found in [11] .
Here, the Rx is moved along a half circumference on N evenly spaced positions. The number N depends on the measured material and ranges from N=270 (chipboard) to N=310 (wall plasterboard); the Rx movement is controlled by a 2D step-motor (C4 controller) as seen in Fig. 1a ). As explained in [11] 
As seen in Fig. 1b) , the zone that receives the maximum level of power corresponds to the central part of the material. The components coming from this zone travel a distance of 1.4 + 0.4 m=1.8 m for all receiver positions due to the symmetry of the setup. In this way, if we select in the time response only those components that have a delay corresponding to a path of 1.8 m, we will select the components coming from the central part of the material. This selection in the time response is called the time gating technique. Once all components inside the time gate have been selected, the absolute value of their time response is summed to obtain the total relative received power. As seen in Fig. 1 , some receiver positions will receive the reflected component in the material. In Fig. 3 a fragment of the time response of one of these particular receiver positions is shown; only those components present around 1.8 m are selected. In this case, the selected components are the reflected wave plus some diffuse components. Away from the zone where the reflected wave is captured, the receiver positions will receive mainly diffuse components from the central part of the material. In Fig. 4 we can see a fragment of the time response of one of these positions; again the time response is gated around 1.8 min in order to select only the components coming from the central part. Thus, thanks to the time gating technique, only the desired components of each time response are selected, removing all unwanted contributions (viz. diffractions, reflections on elements of the setup, unwanted diffuse components). In Fig. 5 the total time response is shown; we can see that the power of the diffuse components is around 10 dB above the noise level. The diffuse components in the extreme receiver positions are weak; nevertheless, they have a power larger than the noise power.
In Fig. 6 an example of measured time responses is shown when the material is the wall plasterboard and the transmitter 690 VOLUME 4, 2016 (1)) obtained in the corresponding receiver position (each reception angle ξ corresponds to one different receiver position). The color bar shows the received power relative to the transmitted power in dB. The shape of the curves depicted in Fig. 6 and the distance traveled associated with the curves permits the identification of the different main components. The first curve from the left is the direct ray, the second curve is the reflection on the surface where the 2D step-motor is set, and the time gated response corresponds to the components coming from the central zone of the material that travel 1.8 m.
In order to simulate the diffuse components present in the measurements, it is necessary to discretize the measured sample of the material. Therefore, as seen in Fig. 7 the sample of the material is divided in tiles; each tile is a source of a diffuse component; the z-axis represents the height of the material sample (0.35 m) and the y-axis represents the length of the sample (0.762 m). In Fig. 7a ) the distance traveled by each diffuse component is shown and in Fig 7b) the associated transmitter gain is depicted for a transmitter angle of 90 • and a receiver angle of 20 • . Although the edge diffraction is generally weak because the transmitter antenna gain is small in the edges, we have included these components in our simulation model to improve the accuracy. The direct ray was also included to validate the simulation model; although the transmitter positions were carefully placed, some deviations with respect to the desired position were found in some cases; the direct ray was used to find the actual exact position of the transmitter, thus improving the accuracy of simulations.
The influence of the reflection on the 2D step-motor surface is almost negligible when the transmitter angle is 90 • , 50 • and 130 • ; when the angle is 10 • and 170 • this component crosses the time gated response and therefore has to be considered in the simulation model. As seen in [11] , when the angle is 10 • , it is more difficult to determine the best diffuse scattering model parameters. Therefore, we have limited the analysis in this work to transmitter angles of 90 • , 50 • and 130 • since these angles allow the estimation of the best parameters. In order to be consistent with the simulation model used in [11] we have also included the reflection on the 2D step-motor surface. Finally, as explained in [11] , the reflected component in the material sample must be included, since it is present in the time gated response (see Fig. 6 ). In this way, the components included in the ray-based simulation model are:
where N is the number of receiver positions and m is the frequency index (2048 frequency points). The electric field module of the scattering components is found by applying the formulation found in [7] . Following the approach shown in [8] the phase of the p-th components is the sum of the term 2π τ p f m plus a random phase term uniformly distributed over [0 2π ). Once the electric field has been simulated for all frequencies in one receiver position, Eq. (1) is applied to find the module of the simulated time response. To average the effect of the random phase term included in the diffuse electric field, the final relative received power is obtained from the average of P time domain responses. A number of P=20 simulations were averaged in the time domain, since no significant differences were found between this value and higher values of P. The Lambertian model and the directive model have been chosen in this work to study the diffuse scattering phenomenon and to parameterize the three materials. The module of the diffuse electric field in the Lambertian model is:
where r i is the distance between the transmitter and the impact point, r s is the distance between the receiver and the impact point and θ i and θ s are the incident and departure angles as defined in Fig. 8a ). The module of the electric field in the directive model is:
where F αR is:
and I j is:
The angle ψ R is the difference between the angle θ i and θ S as seen in Fig. 8a ).
The module of the double bounce diffuse components computed with the Lambertian model is [13] : where the angles θ s1 and θ i2 , and the distances r 12 are defined in Fig. 8b ).
The same procedure applied to extract the relative received power of central region of the material is used in the simulations. In Fig. 7a) , it is observed that the diffuse components are simulated in the complete sample of the material, even though only those components inside the time gate are finally selected. Although this procedure increases the simulation time, it was preferred because it gives more insight into the diffuse phenomenon in the material. Finally, to simulate the measured scenario fairly, the radiation patterns of the Tx and Rx were included in the simulation and the same number of frequency points was used. Simulated noise was generated and added to the computed responses; the noise level was extracted from the measurements in all cases.
Following the method described in [11] , the best model parameters are found by comparing the measured relative received power of the central region of the material and the simulated one obtained with different values of the parameters. In Fig. 9 , the measured relative received power when the material is wall plasterboard and the transmitter angle is 90 • is shown. The relative received power coming from the central region is locally averaged in each receiver position using a window of size 11. This window spans 5 • in terms of reception angles and makes comparison between measured and simulated powers easier. The separation between two consecutive points in the discretized scheme of the sample material was λ (λ = 5 mm); in [11] the separation was 5λ; the new higher density of diffuse scattering points has also been used in the parameterization of the materials previously analyzed, allowing more accurate results.
As observed in Eqs. (4)- (8) the scattering parameter S controls the percentage of the energy of the impinging wave that it is spread in all directions. The directive model has an additional parameter, named α R , which controls the shape of the scattering pattern as seen in [7, Fig. 2 ]. The measured power is compared in Figs. 9-11 with the simulated power when the Lambertian model is chosen and the S parameter takes the following values: S=0.025, S=0.1, and S=0.3. In this example, a value between S=0.025-0.1 allows the best fit between simulations and measurements. As was explained in [11] the presence of the reflection component on the material does not prevent the estimation of the parameters; the diffuse components are clearly distinguished from the reflected component for all transmitter angles as observed in Figs. 9-11. 
III. PARAMETERIZATION OF THE DIFFUSE SCATTERING MODELS
An error function called the Fraction of Variance Unexplained (FVU) has been employed to estimate, in a quantitative way, the difference between the measured and the simulated values:
where P meas is the measured relative received power, P sim is the simulated relative received power, and N is the number of receiver positions. In Fig. 12 a photograph of three of the parameterized materials is shown; we can appreciate that the plasterboard and cardboard are smooth materials whereas the brick wall presents many irregularities.
The roughness of the materials has been measured in a quantitative way. Roughness values, surface topography images and cross-sectional profiles were obtained by means of a Talysurf CLI optical profiler. In Fig. 13 the scanned heights of the wall plasterboard sample are shown. In Fig. 14 the average cross-sectional profile of the different measured materials is depicted. The roughness parameter Ra of the standard ISO 4287 is a good representation of the actual roughness of the material, because it is the most universally used roughness parameter for general quality control [17] . It is defined as the arithmetical mean deviation of the assessed profile. In Table 1 , the Ra parameter is shown for all measured materials. As seen in Table 1 the less rough materials are the wall plasterboard, the chipboard and the cardboard; thus, small values of the scattering parameter S are expected in VOLUME 4, 2016 these materials. On the other hand, the more rough materials are the ceiling plasterboard and brick wall; higher values of S, compared to the smooth materials, are expected in these two materials. This material is smoother than the ceiling plasterboard where a new value of 0.3 has been estimated. The estimation of the best α R parameter of the directive model is performed using the best S parameter. Thus, the FVU error levels were calculated using an S value equal to 0.075 and the value of α R was changed from 1 to 10. In Fig. 19 we can find the FVU error levels corresponding to this analysis when the transmitter angles are 90 • , 50 • , and 130 • . As seen in Fig. 19 , lower values of the scattering parameter α R are more suitable to describe the diffuse scattering phenomenon in the analyzed material. The minimum error levels are similar for both models; therefore a directive model with α R = 1 and a Lambertian model are good choices to simulate the diffuse scattering in the wall plasterboard material.
The same estimation procedure was applied to the cardboard and to the brick material. For the sake of brevity we have shown the FVU error graphs when the model is the directive one and α R = 1 in the S estimation step. In Fig. 20a ) the FVU levels are shown for the cardboard when the scattering parameter S is changed and the directive model is used; in this material the minimum values of error are found when S is between 0.1-0.2. Here, the results for the Lambertian model showed a similar behavior. In Fig. 20b ) the results corresponding to the best α R estimation are depicted. The results in this case are contradictory; lower values are more suitable when β = 130 • and β = 50 • , while higher values are more appropriate when β = 90 • . The global minimum was obtained with α R = 10 and β = 90 • ; in this transmitter position the directive model was more accurate than the Lambertian model whereas for β = 130 • and β = 50 • both models showed a similar degree of accuracy. Figs. 19a) and 19b) show the results corresponding to the brick material. This material presents many irregularities and therefore the scattering parameter S is large; as seen Fig. 21a ) the best S is between 0.3-0.5. Lower values of α R are more suitable for this material than higher values, as seen in Fig. 21b ). In this material slightly lower values of FVU error were found for the Lambertian model, compared to the best results of the directive model (α R = 1).
In Table 2 , the best-fitting values for the three materials analyzed in this work and the materials analyzed in [11] are VOLUME 4, 2016 shown. We have chosen a value of α R = 1 in the cardboard because two transmitter angles show the lowest error levels with this value.
In Fig. 22 the mean of the roughness parameter Ra and the value of the scattering parameter S are depicted for all the analyzed materials. As expected, the higher the roughness, the higher the value of S; although there is a quasilinear relation between the scattering parameter S and the roughness parameter Ra, it is difficult to extract a law to obtain with accuracy the S value from the roughness parameter.
IV. CHANNEL ANALYSIS
The estimated scattering parameters were included in a ray RT tool programmed in Matlab by our research group. In order to test the new approach, the PDP was measured at 60 GHz in 21 different positions inside a laboratory. We analyzed three of these positions: positions 3, 10 and 18 of Fig. 23 . The analyzed positions represent two different situations of an LOS communication. Positions 3 and 18 are placed near several elements and they are placed relatively far from the receiver; in these positions it is expected to find significant multipath components with respect to the LOS contribution. Position 10 is placed in the middle of the room far from any element; in this position, the LOS is clearly dominant. A Rohde & Schwartz ZVA67 vector network analyzer (VNA) was used to measure the frequency response between the transmitter and the receiver over 4096 points between 57 GHz and 66 GHz. More details of the measurement setup can be found in [15] . Each triangle depicted in Fig. 23 represents a virtual rectangular array of 36 evenly arranged transmitter positions. The receiver is a virtual linear array composed of five positions. Each two consecutive positions are separated λ/2 in both receiver and transmitter arrays. Once all 180 frequency responses are collected for one receiver location, the time responses are evaluated by applying the inverse Fourier transform; the PDP is mean of the time responses.
The PDP was simulated using the RT tool. It includes the traditional specular components. Particularly, up to three reflections, single diffractions, single reflections after one diffraction, and diffractions after single reflections were considered. The simulation tool also includes the Lambertian and directive model to compute the single bounce diffuse FIGURE 23. Scheme of the measured room, the positions of the transmitters and receiver are shown [15] .
components and the Lambertian model to compute the double bounce diffuse components. In order to evaluate the diffuse scattering contributions, it is necessary to discretize the numerical model of the scenario as seen in Fig. 24 ; to limit the simulation time and the computational burden in the computation of the single and double bounce diffuse components, separations of 10λ and 40λ between two consecutive points were chosen respectively. The approach developed in this work uses adjusted model parameters in the simulation of the dense multipath components; in this way, specific values of the scattering parameters, according to the results shown in Section III, are assigned to each one of the materials. First, we have compared our approach to the approach that assumes a constant set of scattering parameters for all materials. In this comparison we have considered in the simulation tool specular components and single bounce diffuse components. We can compare both approaches visually in Figs. 25-27 , where the measured and simulated PDP are shown. The PDP was simulated with S equal to 0.35, 0.70 and with the adjusted parameters approach using the Lambertian model. In [12] the significance of the double bounce diffuse components at 60 GHz was studied for several time impulse responses. Here, the complete PDP has been simulated including double bounce diffuse components in addition to the components previously considered. In Figs. 28-30 the measured and simulated PDP using the adjusted parameters considering double diffuse components are depicted. The accuracy of the presented approach was also analyzed in a quantitative way. Thus, the delay spread, the mean delay and the path loss were extracted from the measured and simulated PDPs as seen in Fig. 31 . A threshold of 30 dB was applied to select the most energetic components in the delay parameters computation. If we observe the PDP of Figs. 25-27, we can observe that when S is equal to 0.70 the diffuse energy is overestimated. A common value of S=0.35 allows the best performance in this kind of approach. However, this good performance is achieved because with S=0.35 the diffuse scattering increases the simulated power in some delay intervals where specular components are absent in the simulated PDP. Examples of this fact can be observed in Fig. 25 between 20-23 ns, in Fig. 26 between 15-20 ns, and in Fig. 27 around 13 ns. The compensation of the specular components wih scattering diffuse components permits the increase of the delay spread and mean delay reaching values close to the measured ones.
The discrepancies between the measured and simulated PDP due to the absence of specular components can be attributed to some inaccuracies of the numerical model of the scenario, such as missing elements, non-perfect location of elements, etc.
The new approach yields a more realistic representation of the diffuse scattering phenomenon for most of the time intervals of the PDP. The PDP was also simulated using the RT tool without diffuse scattering; as we can observe in Figs. 25-27 a significant power is missed from 0-25 ns. These gaps are filled with the diffuse components as seen in the intervals from 12-17 ns in Fig. 25 , from 10-20 ns in Fig. 26 and from 10-17 ns in Fig. 27 . Therefore, although the channel parameters obtained are not close to the measured parameters, a level of diffuse power is represented with our approach close to the actual one. Furthermore, once the best parameters have been estimated for the materials, this representation is achieved without any previous measurement or simulation. Even if a common value S existed, which allowed a good representation of the diffuse scattering in one environment, this value would be unknown unless one measurement campaign was performed. In this way, the presented approach makes the implementation of RT tools including the mentioned diffuse scattering models easier.
As seen in Figs. 28-30, the energy in the tail of the PDP is slightly increased when double diffuse components are considered; the double diffuse components are almost negligible in the studied positions. The differences between the measured and simulated PDPs at large delays could be due to the presence of multiple bounce specular components not included in the simulations. Even with a threshold of 30 dB, the influence of the double bounce diffuse components in the computation of the delay parameters is limited. In [13] the influence of multiple bounce diffuse components was analyzed in an outdoor scenario at 3.8 GHz; in this band, the mentioned components had a significant level of energy in the tail of the PDP. The analysis of the presented PDP indicates that multiple bounce diffuse components are weaker at mmwave frequencies.
V. CONCLUSION
This paper presents a complete methodology to simulate radio channels at millimeter-wave frequency bands including dense multipath components. The directive and Lambertian diffuse models, derived from the Effective Roughness model, have been used in many works to include dense components in ray tracing tools. Traditionally, a common value set of the model parameters is used for all materials present in the environment, in spite of the different nature and roughness of the materials. This approach is effective since it can compensate for other sources of errors, for example inaccuracy in the scenario model or missing specular components in the ray tracing simulation. However, the main drawback of this approach lies in the fact that the best model parameters may be different from case to case. Thus, this technique requires, previous to the scenario simulation, a tuning procedure based on measurements to find the appropriate set of model parameters; this tuning procedure makes the traditional approach hard to apply to different environments. In our approach, specific model parameters are used for each one of the elements present in the scenario. In this way, two diffuse scattering models, derived from the Effective Roughness model, have been parameterized for materials such as wall plasterboard, chipboard, cardboard, brick wall, and ceiling plasterboard. Once proper model parameters have been estimated, they can be used in different environments without any previous tuning or validation procedure. Therefore, although the developed technique requires more complex modeling of the scenario, it is a more versatile approach. The power delay profile results have shown that our technique constitutes a promising approach to incorporate dense components in ray tracing tools. The use of high-order diffusion has been also discussed in order to recover energy at large delays; the results have shown that double order diffuse components are weak at 60 GHz. He is the Lead Researcher in some national projects, and participates actively in the European COST Action IC-1004 (Radio Communications for Green Smart Environments). He has authored over 50 journals indexed in the JCR, more than 100 international conferences, and three book chapters. His research activities are centered on radio-communications, propagation, channel modeling, and experimental channel sounding in different frequency band (400 MHz to 60 GHz) and technologies (GSM, UMTS, LTE, WiFi, WSN, TETRA, mmW, OFDM, MIMO, and cognitive radio). 
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